A systematic study of the interface engineering and dielectric properties of nanolaminated hafnium aluminate on GaAs is presented. The dielectrics were deposited using atomic layer deposition of alternating cycles of HfO 2 and Al 2 O 3 on GaAs substrates. High resolution x-ray photoelectron spectroscopy ͑XPS͒ showed differences in space charge amounts at the interface for the two surface treatments ͓NH 4 OH or ͑NH 4 ͒ 2 S͔. In-situ XPS analysis shows that chemical bonding to oxygen across the nanolaminate film is independent of the interface formation conditions. In addition, the GaAs surface treated with ͑NH 4 ͒ 2 S shows a decreased band bending and slightly thinner films with respect to NH 4 OH. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2961003͔
The search for an appropriate high-dielectric on GaAs for scaled metal-oxide-semiconductor ͑MOS͒ device applications with an ideal semiconductor/dielectric interface remains a challenge. Both dielectric and GaAs/dielectric interface quality play a key role on the electrical performance of GaAs based MOS devices.
1-3 Although tremendous progress has been attained 3, 4 in regard to interface passivation and dielectric properties, the need for a manufacturable, high throughput process limits the possibilities. The use of deposition techniques such as atomic layer deposition ͑ALD͒ and ex-situ GaAs surface preparation is preferable. Recent studies have demonstrated that ALD grown Al 2 O 3 shows reduced leakage current with respect to HfO 2 while the latter possess a larger dielectric constant. In previous work, 5 it has been demonstrated that nanolaminated films of Al 2 O 3 / HfO 2 show better scalability than Al 2 O 3 as well as lower leakage and higher breakdown than in HfO 2 . In addition, the chemical bonding arrangement at the interface in GaAs resulted critical for the removal of the "frequency dispersion" phenomenon. [6] [7] [8] It is also known that the interface bonding arrangement is modified during the initial ALD, where the main chemisorption mechanisms, 9 "ligand exchange" and "dissociation," could be responsible for the reduction ͑"selfcleaning"͒ of GaAs surface oxides. In a previous study, it was also found that this interfacial self-cleaning is precursor dependent as well as oxidation state dependent. 10 The passivation of surface states in silicon resulting in midgap interface state densities on the order of 10 10 / cm 2 eV can be achieved with the use of thermally grown SiO 2 , the native oxide of Si. In contrast, the GaAs native oxide, which is composed mainly of Ga 2 O 3 , As 2 O 5 , and As 2 O 3 , is known to produce a relatively poor interface and Fermi level pinning. 11, 12 During the last two decades, the use of sulfide solutions have proven to passivate the GaAs surface. [13] [14] [15] Experimental and theoretical studies [16] [17] [18] [19] have shown that the passivation of GaAs using ammonium sulfide solutions ͓͑NH 4 ͒ 2 S or ͑NH 4 ͒ 2 S x ͔ results in Ga-S and As-S bonds that provide protection against further oxidation. Recent studies have examined the effect of NH 4 4 and water͒. Prior to ALD, the substrates were cleaned by a degreasing 5 step followed by an etch in either 3 min in 29% NH 4 OH or 1 min in 29% HCl: H 2 O ͑1:1͒ plus 10 min in 22% ͑NH 4 ͒ 2 S. The ALD was carried out at 300°C in an ASM F-120 ALD module. After the five ALD cycles of either Al 2 O 3 or HfO 2 serving as a template initiation layer, the overlying nanolaminated layer structure contained alternate layers of Al 2 O 3 ͑one cycle͒ and HfO 2 ͑two cycles͒. The in-situ HfO 2 films were deposited in a Picosun ALD chamber connected to the XPS analysis chamber through a UHV transfer chamber. The HfO 2 was deposited on NH 4 OH and ͑NH 4 ͒ 2 S treated n-type GaAs using ten cycles of tetraethyl-methyl-amino-Hf ͑TEMA-Hf͒ and water to form 1 nm thick films. The analysis was carried out in an Omicron XPS system using a monochromatic Al K␣ x-ray source ͑hv = 1486.7 eV and 0.25 eV line width͒ and a hemispherical analyzer equipped with seven Channeltrons®. Figure 1͑a͒ shows the O 1s spectra for a 3 nm thick HfO 2 / Al 2 O 3 . All the O 1s regions were aligned in binding energy ͑BE͒ to the Hf-O-Al peak at 531.5 eV to allow for better comparison. After a peak shift the line shape of the O 1s spectra for the four samples ͓see Fig. 1͑a͔͒ Figure 1͑b͒ shows the regions for Hf 4f and Ga 3d, and Hf 5p and As 3d core levels. Hf 4f shows a similar Gaussian width in all the films, but the intensity is slightly larger for the samples initiated with HfO 2 . All core levels in the film and substrate show a synchronous BE shift of 0.11Ϯ 0.02 eV to lower BE for the nanolaminates deposited on GaAs treated with NH 4 OH with respect to ͑NH 4 ͒ 2 S. Similar XPS BE shifts have been found by other authors for S-passivated GaAs surfaces. 24 This synchronous shift is interpreted in terms of a GaAs band bending increase for the surface treated with NH 4 OH as will be discussed below.
Due to the overlapping of the Ga 3d and As 3d with Hf peaks, as shown in Fig. 1͑b͒ , it is not possible to resolve the remaining Ga and As oxides at the interface. With the purpose of minimizing the attenuation of the signal coming from the interface, 1 nm thick HfO 2 ALD films were grown in-situ on GaAs with the two different surface treatments. Figure 2 shows the ͑a͒ As 2p and ͑b͒ Ga 2p core level spectra before and after the deposition of HfO 2 . In-situ ALD experiments using 1 nm of Al 2 O 3 show similar results ͑data not shown͒. The effective attenuation lengths for As 2p and Ga 2p photoelectrons, which are 8 and 12 Å, respectively, 25 allow for better surface sensitivity. The initial NH 4 OH "astreated" GaAs surface shows As 2 O 3 , elemental As, and Ga 2 O 3 . The ͑NH 4 ͒ 2 S treated surface show the same chemical species with an additional As peak at 1.58 eV above the As-bulk component, which is associated to As-S bonds. 17 The Ga 2p component for the ͑NH 4 ͒ 2 S treated surface contains Ga-O and Ga-S bonds, however due to its Gaussian width ͑0.99 eV͒ it is not possible to resolve these. However it is noted that Ga-O peak intensity for the ͑NH 4 ͒ 2 S treated GaAs is larger than for the NH 4 OH treated surface.
After the ALD deposition of 1 nm thick HfO 2 , the As-O and As-S bonds are substantially reduced while the amount of As-As bonds are nearly unchanged. Ga-O separation with respect to the Ga-bulk peak ͑Ga-As͒ is decreased from 1.11 to 0.65 eV. In addition the Ga-O intensity is reduced to a lesser extent than the As-O bond. The Ga-O peak intensity is again slightly larger for the sample that was treated with ͑NH 4 ͒ 2 S, and this could be due to the remaining Ga-S bonds that are nonexistent in the NH 4 OH treated sample. Previous synchrotron radiation studies with extremely high surface sensitivity reported a Ga-S chemical shift of 0.55 eV and have shown that 400°C anneals will convert As-S to Ga-S bonds. 17, 26 The increased Ga-O peak ͓shaded peak in Fig.  2͑b͔͒ after 1 nm HfO 2 ALD deposition at 300°C for the ͑NH 4 ͒ 2 S with respect to the NH 4 OH treatment suggests the presence of a Ga-S peak whose BE is close to that of the Ga-O peak. Regardless of the coexistence of Ga-O and Ga-S bonds for the S-treated surface before and after the HfO 2 growth, the overall drop in the intensity of Ga-O and Ga-S witnesses, to some extent, a self-cleaning effect 10 for S-passivated GaAs surfaces.
The Ga 3d and Hf 4f XPS spectra are shown in Fig. 3 . The initial as-treated GaAs surfaces show Ga 3d peaks at the same BE ͓see Fig. 3͑a͔͒ . After the ALD of 1 nm of HfO 2 at 300°C, all the peaks for the NH 4 OH treated surface suffer a synchronous shift to lower BE of 0.11Ϯ 0.02 eV. It is also observed that the Hf 4f peak intensity for the ͑NH 4 ͒ 2 S treated surface is smaller. This suggests that the HfO 2 nucleation at the early stage of the ALD growth is favored for the NH 4 OH treated surface with respect to the ͑NH 4 ͒ 2 S treated, and may be evidence of surface chemical passivation for the sulfur-treated surface as far as the ALD process is concerned. The surface treatment-dependent BE shift obtained from the Hf 4f feature is plotted in Fig. 3͑c͒ . All other core level spectra acquired show a similar BE shift in the same direction. This collective BE shift can be only explained by a reduction in the semiconductor band bending for the surfaces treated with ͑NH 4 ͒ 2 S with respect to the one treated with NH 4 OH. The BE shift difference between the two surface treatments has been observed in four different samples deposited in-situ and ex-situ. The BE shift between the surface treatments cannot be interpreted as sample charging differences because the substrates used are the same. We note that in the event of charging, a shift toward higher BE is expected for the sample treated with NH 4 OH because the associated ALD film grown on this surface treatment is slightly thicker. As indicated in Fig. 3 , we observe the opposite behavior. Figure 3͑d͒ depicts an oxide/semiconductor interface band diagram showing the effect of band bending reduction for the S-passivated surface. The increase of interface space charge for the NH 4 OH treated surface results in additional band bending to compensate the charge present at the interface. The electronic structure of the oxide/semiconductor shifts up with respect to the Fermi level causing a reduction in the measured BE. The same BE shift is observed for the in-situ 1 nm thick HfO 2 as well as for the ex-situ grown 3 nm thick HfO 2 / Al 2 O 3 nanolaminate regardless of the starting template. These observations demonstrate the prevalence of S-passivation from the ͑NH 4 ͒ 2 S surface treatment of GaAs.
In conclusion, XPS analysis shows the same chemical bonding arrangement of oxygen in the HfO 2 / Al 2 O 3 nanolaminate regardless of the surface treatment or the starting layer ͑HfO 2 or Al 2 O 3 ͒. A self-cleaning effect was found for both ͑NH 4 ͒ 2 S and NH 4 OH GaAs surface treatments upon the ALD deposition of HfO 2 . A systematic BE shift of 0.11Ϯ 0.02 eV to higher energies for the S-passivated surfaces and is interpreted as a decrease in band bending due to the reduction of interfacial space charge. Although sulfur is below the XPS detection limit, these results suggest that some amount of sulfur may remain at the oxide/ semiconductor interface after the ALD growth at 300°C. 3 . ͑Color online͒ Ga 3d and Hf 4f ͑a͒ before and ͑b͒ after the ALD of 1 nm of HfO 2 in-situ. The astreated surfaces show Ga 3d peaks at the same BE position while there is a shift of 0.11Ϯ 0.02 eV to lower BE for the NH 4 OH treated surface after the HfO 2 deposition. ͑c͒ BE shift of Hf 4f core levels for the samples treated with ͑NH 4 ͒ 2 S with respect to those treated with NH 4 OH. ͑d͒ Corresponding band diagram showing band bending reduction for the S-passivated n-type GaAs.
